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ABSTRACT:\%his paper addresses the non-destructive evaluation of cross-ply
[(0/90] ¢ and [90/0}§§ S-2 G1/DER 332 laminates using acousto-ultrasonic and X
: 0
’ acoustic emission techniques. Acoustic emission and acousto-ultrasonic ¢
| measurements gave early warnings of damage l1nitiation before tranaverse
cracks became viaible. AU parameters such as peak amplitude, energy and
'CS stress wave factor were equally sensitive to damage initiation but peak
>
amplitude and energy were more sensitive to damage accumulation. Variations
of peak amplitude, event duration, ringdown counts, and ride time in AU
5 tests were analyzed to show that internal damage not only increased the ;
apparent attenuation but also affected the wave envelope. The same effect
was also present in AE tests. Acousto-ultrasonic tests of an undamaged \
j;\ croas-ply laminate showed that the apparent attenuation coefficients were

almost independent of the wave propagation direction. The strongest wave
was found along the fibers in the ply in cir:ﬁtact with the transducers and
v the weakest wave traveled at an angle of 45Y to the fibers..

a
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S KEYWORDS: composite materials,»\*glass/epoxy,\ cross-ply laminates, acoustic .-._.._.{
N emission, acousto-ultrasonic technique, damage monitoringyply crackiqg,.\ . AR

) attenuation, wave propagation.
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INTRODUCTION

Acousto-Ultrasonic (AU) inspection is based on the interaction of an
externally input stress wave with the linternal structure of the material
during 1ts propagation to a receiving transducer. Obstacles to the wave
front induce wave scattering, thereby increasing the apparent attenuation of
the wave. Thus, wave characteristics can be correlated with material
morphology, defects and internal damage present along the wave path.

Schultz (1] and Hastings et al. [2] placed transducers on the same face
and measured the velocities of the tranamitted waves. Egle and Brown [3]
applied the same method to aluminum bars and plates for studying the effect
of source location on the parameters of the transmitted wave but did not
refer to AU as it is known presently. Not until the work of Vary and Bowles
[4, 5], Vary and Lark [6] and Vary et al. [7] at NASA Langley Research
Center in the late 70's did AU start to emerge as an independent NDE
technique.

Vary and coauthors used AU as a novel inspection method by obtaining
correlations between different material properties and wave parameters.
With just a few exceptions, AU monitoring has heen applied mainly to
composite materials. The stress wave factor (SWF) was used as a prime
measure of the internal efficiency of the material to transmit a stress wave
[4-6]. SWF measurements were used as a method of characterizing the
strength of 12-ply unidirectional AS/PMR-15 graphite/polyimide composites.
The SWF correlated well with the interlaminar shear strength which was
changed by using different cure presgures. Also, the SWF clearly indicated

impact-damage in unidirectional AS/3501-6 [8].

Another important application of the SWF was in predicting the location
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of fracture in composite specimens. Although the SWF attained minimum
values in the expected failure locations in AS/PR-288 graphite/epoxy
laminates of different stacking sequences [6], the exact correlation in E~
glass/epoxy laminates depended to a large extent on the selection of proper
parameters for conditioning and analyzing the transmitted waves [9].

Many researchers used the SWF in the past several years. However, it
is not always this parameter that performs the best. Williams and Lampert
(8] defined a modified stress wave factor as the ratio of the sum of the
positive amplitudes of all oscillations exceeding a fixed threshold to an
arbitrary reference voltage. The authors suggested that the modified SWF
had better sensitivity than the original SWF. On the other hand, Lorenzo
and Hahn [10] have shown that the peak amplitude and energy measured by
commercial AE equipment gave better correlations than the original SWF.

The present paper presents results on damage assessment in composite
laminates by acoustic emission (AE) and acousto-ultrasonic techniques. In
particular, cross-ply S-2 glass/epoxy laminates are examined for correlation
of AE parameters with damage accumulation. The main emphasis is on the
detection of damage initiation and multiplication and the effect of damage

and stacking sequence on apparent attenuation and wave envelope.

EXPERIMENTAL PROCEDURE
Materials

The composite laminates used were symmetric cross-ply S-2 glass/epoxy
panels filament-wound at the Lawrence Livermore National Laboratory. The
epoxy was DER 332/Methane Diamine (100/24.5) cured for 2 hours at 150°C. Two

stacking sequences were studied: [0/90],g and [90/0]l;g. Fiber volume




content varied between 65 and 67 % for different panels. Mechanical and
hygrothermal properties of S-2 glass/DER 332 were reported in References

{11] and [12].

Specimens

Specimen geometry is shown in Fig. 1. Principal dimensions and tabbing
materials are listed in Table 1.

A 240 x 240 x 2 mm plate was used to measure apparent attenuation

coefficients in AU mode in different directions of wave propagation.

Teat Methods

Instrumentation and testing procedure have been described in Reference
[(10]. Parameters set up for AE and AU tests are indicated in Table 2.

In all AE and AU tests an AET AC375L resonant transducer was used as
the receiving sensor. This transducer has a resonant frequency of 375 kiHz
with sensitivity better than -70 dB referred to 1 V/ubar. The emitting
transducer in all AU tests was an AET FC500 broad-band transducer which has
an almost flat frequency response between 200 kHz and 2.10 MHz with
sensitivity better than -85 dB referred to 1 V/ubar. The attenuation was
measured using an AET MAC425L resonant transducer as the receiver. Its
resonant frequency is 425 kHz with a sensitivity better than -79 dB referred
to 1V/ubar. Excitation in AU tests was by an AET Model 3001 pulser
connected to a 5 V DC source.

For apparent attenuation measurements in the undamaged laminate an AEA
AES-1L acoustic emigsion simulator was used to drive the emitting
transducer. Input amplitude was 85 dB with rise and decay rates of 500

dB/msec. The carrier frequency was adjusted to be 430 kHz for maximum
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reception. The plate was supported on a cellular rubber pad over a table.

AR

The emitting transducer was mounted at the center of the plate with silicone

grease and a constant contact pressure of 0.160 MPa. The receiving
transducer was positioned at distances of 45, 70 and 95 mm from the emitter =y
forming different angles with the fiber orientation in the outer ply of the

plate (Fig. 2). Silicone grease was also used maintaining a constant -
contact pressure of 0.072 MPa. For each orientation, three measurements EE

were taken at each location. After sach run, the receiving transducer was
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removed and cleaned. Grease was reapplied and the sensor was mounted back
g on. A total of 23 events were recorded in each run. Thus, reported
amplitudes are average values of the amplitudes of 69 events. The only
exception was the 67.5° orientation for which a total of six runs were

taken, increasing the number of events to 138.

RESULTS AND DISCUSSION
Failure Process
Tensile properties and failure behavior of the specimens were reported

in Reference [10] and will only briefly be summarized here for completeness.

In [0/90],g specimens, cracks appeared first in the inner 90-degree
plies and, later, in the outer 90-degree plies (Fig. 3). Cracks accumulated ;;
at a decreasing rate with increasing load with the crack density leveling i'
off at high stresses.

In [90/0]23 specimens, cracks appeared first in the outer 90-degree
plies (Fig. 4). Again, cracks accumulated at a decreasing rate. The outer
90-degree plies showed a similar behavior to the inner 90-degree plies in

[0/90],g specimens.
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f When cracking occurred audible noise was heard. Upon further loading,

o W

short, burst emissions accompanied slight drops im strain for both

. laminates.
I After transverse cracks had developed, a large number of small inclined .
cracks appeared in the inner 90-degree plies of the [0/90],g specimen and in
the outer 90-~degree plies of the [90/0],5 specimen. The same type of cracks
were also observed to a lesser extent in the inner 90-degree plies of the
(90/01,5 specimen. Inclined cracks originated at the interface between the
O- and 90-degree plies and grew towards a transverse crack. In [90/0]5g
S specimens, inclined cracks in the outer 90-degree plies grew without y
reaching the boundary surface. Also, in the outer plies of these specimens
small transverse cracks originated at the outer surface and grew inward
without reaching the interface between the 0- and 90-degree plies.

Delamination between the O- and 90-degree plies was observed in
specimens loaded up to 90 percent of the failure stress. In both laminates
it was initiated and localized at the tips of transverse cracks in the inner
90-degree plies.

At applied stresses about 25 percent below the ultimate strength,
groups of fibers in the outer O-degree plies of [0/90],5 specimens failed
and came loose at the edges. The resulting delamination progressively ;
advanced towards the grips. This was not observed in [90/0],g specimens. ?
In the latter case, small groups of fibers from the inner O~degree plies .
failed, and then came loose at stresses about 10 to 15 percent below the
- ultimate strength.
- Epoxy was burnt off of a specimen loaded up to 90 percent of the

failure stress and the specimen was examined on an optical microscope. No




fiber breaks were detected in any O-degree ply.
Final failure was sudden with complete splitting of the O-degree plies

in both laminates.

Acoustic Emission

Figure 5 shows the total number of events as a function of applied
gstress. Emissions started sarlier in the [90/0]23 specimen. In both
laminates, acoustic activity started before cracking of the 90-degree plies
was detected on an optical microscope or manifested itself as a knee-point
in the stress-strain curves.

The rate of emission is initially slightly higher in the [90/0]23
specimen (Region I). Also, for a given stress the total number of events is
greater, indicating a higher rate of accumulation of transverse cracks in
the 90-degree plies of the [90/0],g specimen.

In the [0/90],4 specimen, the cumulative event curve in Region III
shows a discontinuity in slope at point B. This point corresponds to an
instantaneous rate of emission equal to 357 events/s. At such a high rate,
the equipment was saturated, and consequently, events were lost by the
processor. The dashed line in Region III of Fig. 5 indicates an estimated
emission output of the [0/90],5 specimen including lost events, assuming
that the proportion of rejected events is the same as in the initial part of
the curve. At point B, the average rate of emission decreased from 110.50
events/s (curve A-B) to 49.50 events/s (curve B~C). On the other hand, no
events were lost for the [90/0]23 specimen, and the average event rate in
Region III amounted to only 4.70 events/s (curve A-C').

Fmissions detected in Region I are mainly the result of the cracking of

90-degree plies with instantaneous event rates as high as 170 events/s.
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Thereafter, event rates decrease as a result of the decrease in the rate of o

crack accumulation. The high event rates in Region III of the [0/90]5g

1y
specimen is mainly due to the failure of the O-degree plies at the edges and 5:
the initiation of delamination. The lack of such increased emissions in the o
[90/0],5 specimen is due partially to the increased attenuation associated :f
with ply cracks. The highly cracked outer 90-degree ply is unable to ii
transmit the waves generated within the specimen. Cracks act in this case as Ei
a source of attenuation. In the [0/90]23 specimen, however, the O-degree
i ply is in contact with the transducer. Thus, elastic waves generated within
or underneath this ply can travel to the receiving sensor using the fibers
as wave guides (13, 14].
The hvm-thesis that events from O-degree ply failure were not detected
in the [90/0],5 specimen was also confirmed by mean peak amplitude and mean
event duration outputs, Figs. 6 and 7. Mean values were obtained as o
averages over a 10 second interval. In the [0/90],g specimen, events in
Region III have higher peak amplitudes and longer durations than those in 5:
Regions I and II, indicating more energetic failures in Region III. 'b
However, in the [90/0],g specimen, events in Region III are less energetic ii
than those in Regions I and II. The higher peak amplitudes and longer event Ei
durations in Region I of the [90/0],g specimen are likely to be due to the ~;
better wave transmission in the outer ply, which is in contact with the 1
transducer, at early stages of cracking. In the [0/90],q specimen, elastic ;
waves generated in the 90-degree plies have to face one or more interfaces K

before reaching the outer ply. At each interface, reflection and refraction
occur with mode changes [15, 16]. Thus, the energy content of the refracted

wave in the outer ply is likely to be lower in the [0/90],q specimen.
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In both types of laminates, events in Region I have higher amplitudes

and longer durations at stresses between 100 and 150 MPa. This stress range

I E LA

corresponds to the appearance of ply cracks and their accumulation at the

S

highest rates, Figs. 3 and 4. As the rate of crack accumulation decreases
in Region II, mean parameters fluctuate in the [0/90],g5 specimen. On the N
other hand, in the [90/0]23 specimen peak amplitude and event duration in
Region II decrease sharply; thereafter, they start to fluctuate. In the
(0/90]5g specimen, peak amplitude and event duration initially increase in 75
Region III (curve A-B). When saturation occurs, however, they decrease .
slightly. In Regions II and III, events in the [0/90],g specimen show
higher peak amplitudes and longer durations than those in the [90/0],g
specimen. At.this stage of loading, cracks are fully developed and
attenuate waves more effectively in the [90/0],5 specimen.

Figures 8 and 9 show cumulative and density distributions of amplitude
and event duration, respectively. Events lost in the [0/90],5 specimen are C;
not included in these figures. At low amplitudes, both specimens show N
approximately the same cumulative distribution. However, the [0/90325
specimen shows a greater proportion of high-amplitude events than does the h
[90/0]23 specimen. Also, the proportion of long-duration events is greater
in the (0/90],g specimen. It is noted that low amplitude and short duration
are characteristic of events from ply cracks while high-amplitude, long-
duration events correspond to a more energetic failure mode such as fiber

breaks and delamination at high strain levels [13, 17, 18].
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The large number of events with amplitude 63 dB in Fig. 8 is an iy

artifact of the equipment limitation. Since the maximum recordable

amplitude is 63 dB, emissions with amplitudes equal to or higher than 63 4B
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are assigned an amplitude of 63 dB. Thus, it is not possible to analyze the
behavior at higher amplitudes since the upper tail end of the distributions

are not known.

Acousto-Ultrasonic Tests

Three parameters were ccnsidered for AU correlation: amplitude, energy
and stress wave factor (SWF). Those parameters were normalized with respect
to their respective values in the undamaged state.

The amplitude ratio V/Vo is defined as the ratio of the peak amplitude
of the wave after a given loading to that in the undamaged initial state.

This ratio is related to the amplitudes I and I, expressed in dB by

V/V, = 10 [(I - I,)/20] (1)

The energy ratio E/E, is defined similarly noting that the energy is
proportional to the area under the voltage squared versusg time curve. Thus,
assuming a bilinear envelope for the voltage-time curve, the ratio is

obtained as
E/Ey = (V/V)? (T/T,) (2)

where T and T, are the event durations. Note that in this case two AE
parameters are involved.

SWF is obtained by relating ringdown counts, pulse repetition rate and
reset time as defined in Reference [4]. Since the pulse repetition rate and
the reset time were constant in all tests, the stress wave factor ratio

SWF/SWFo is equal to the ratio of ringdown counts between the undamaged and

damaged states.
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within the specimen while the rise time is the most unpredictable. Note
that no cle-r correlation seems to exist between the changes of peak
amplitude, ringdown counts and event duration [13].

One possible explanation for the absence of apparent correlation is the
effect that defects have on a traveling wave. When defects such as cracks
exist along the wave path, wave scattering occurs at cracks. Thus, when the
wave train passes through cracks its envelope changes.

The change of wave envelope due to damage may appear not only in AU
testing but also during AE monitoring. Mean peak amplitudes and mean event
durations of events over a one-second interval from AE tests were analyzed
to see if internal damage affected AE results. Figure 15 shows the change
of amplitude-to-duration ratio with stress in the [90/0],g specimen.
Initially, the ratio decreases indicating a slight broadening of wave

envelope. However, when many cracks develop above 200 MPa, no trend can be

detected in the change of wave envelope. Emissions in the [0/90]l,g specimen

are more consistent regardless of the stress level. The average wave
envelope becomes slightly steeper as the stress increases, Fig, 16. One of
the reasons for less variation in the [0/90]23 specimen is again the lower

apparent attenuation, which decreases the scatter in amplitude [22].

Attenuation

The dependence of attenuation on material properties, wave frequency
and applied stresa has been well characterized [23-31]. However, the effect
of internal damage on attenuation in laminated composites has received
little attention. Results discussed so far show that the apparent
attenuation depends on stacking sequence and internal damage. For each

stacking sequence, the apparent attenuation increased from a minimum in the

13




undamaged state to a maximum near failure. The additional attenuation was
due to the wave scattering by transverse cracks in the 90-degree plies.

In order to gain an insight into the dependence of attenuation on
stacking sequence without damage, a cross-ply laminate was tested in AU mode
with different distances between transducers, Fig. 2.

Figure 17 shows the peak amplitudes changing with the fiber orientation
angle in the external ply. The fiber orientation angle is O when the
transducers are aligned parallel to the fibers. The highest amplitudes are
seen at 0° and the lowest at 45°. For each transducer spacing, the
amplitude éurve is not symmetric with respect to the 45°-orientation, with
amplitudes being higher when the orientation angle is less than 45°.

Figure 18 shows variations of peak amplitude with the transducer

spacing in different propagation directions. The data were fitted with an

exponentially decaying law of the form
V =V, exp(-20x) (3)

where V is the peak amplitude when the transducer spacing is x. The
calculated values of V, and a are shown in Fig. 19. Note that the reference
amplitude V  is the value of V at the origin x =0, and a is the coefficient
of apparent attenuation.

The reference amplitude V, shows a strong dependence on the direction
of wave propagation similarly to the amplitude V. However, the apparent
attenuation coefficient fluctuates between 0.005 and 0.01 neper/mnm
independent of the direction of propagation, Fig. 19. The mean value is
0.0078 neper/mm with a coefficient of variation of about 0.19. It is noted

that in ultrasonic through-transmission tests attenuation coefficients

14
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depend on the direction of wave propagation, for example, parallel or normal
to the fibers [27, 30, 31]. However, no such dependence is observed in AU

test results.

CONCLUSIONS

1. Both AE and AU techniques can be used to detect ply cracking. Event
counts, peak amplitude, energy, and SWF are sensitive to ply cracking.
Energy is the most sensitive AU parameter while peak amplitude shows the
least variation from specimen to specimen.

2, Peak amplitude and energy are more sensitive to crack accumulation
than SWF. As cracks develop, these parameters decrease gubstantially. Peak
amplitude shows the least variation from specimen to specimen.

3. Apparent attenuation increases with internal damage and depends on

the stacking sequence. Increased attenuation due to damage may hamper

“r v LA
"'m e

.
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detection of emissions, as shown in the [90/0],g specimen.

% o

b 'r‘: AR

4. Wave scattering at internal cracks may change the wave envelope. As

a result, event duration, ringdown counts and rise time can even increase as

2=
r
W)

more cracks develop. However, peak amplitude decreases monotonically with

increasing damage. "
5. The modification of wave envelope also affects AE results. No
correlation is observed between peak amplitude and event duration especially
in the [90/0],g specimen.
6. The intensity of the wave generated in AU tests depends on the
direction of propagation; however, the apparent attenuation is almost

independent of the propagation direction.
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Table 1: Specimen Geometry

Test GL L W v Tab Material
mm mm mm deg
ASTM D-3039-76 129 220 12.70 10 Glass Fabric/Polyester
AE 170 240 25.00 90 Aluminum
AU 170 240 25.00 10 Glass Fabric/Polyester
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1 Table 2: Preset Parameters for AE and AU Tests [10] E
i '
)

Parameter AU AE i

: Preamplifier Gain (dB) 60 60 g
Amplifier Gain (dB) 30 10 A

: Threshold Voltage (V, Fixed) 1.00 1.50 .
Event Duration Clock (nsec) 125 125 =

- Dead Time (usec) 32 32
. Rise Time Clock (nsec) 125 125 >
Pulse Rate (pulses/sec) : 2.5

Acceptance Criterion: :::

- Ringdown Counts 2 {n £ 4095 -

A - Peak Amplitude (dB) 29<I < 64 -~
X - Event Duration (usec) 2 <T < 480
- Rise Time (usec) 2 < Tp < 480 x

20




t ANhL! R ¢...,‘.‘ RIS R NI N A e ey N NS e

S a'sa’s’a

g >
L P a0

g
-
b
B
[
¢
[
+

r
r s
B

£1jemoen uewyoedg | eand1g

Ol g TR S A AL ]

[t

e




RN i A8

A LIRS hPRRs] AT (IO NN LR RIRNOSVENS - BRI s b 2 R A

gjuemeJneBOl UOTJBNUE]}Y JOoJ uempoeds e3wyq °z eandyy

A
YIONASNYYL DNIAIZOIYY h

HIDNASNYHL DNILLINGS "

o0 oS19 ofb i
N\ \ _ .

L

Y O | _.U”.._

Y M.W

O nu\\ Aw_

Oﬂ .NN ~ O O

22

O .
o) 3 ]
NOLLYANIIHO H3ald

= —]—O O
A1d TVNU3LX3

L Y Y

&

Sl

Y

o

.
n“ ‘

= - A A i PR, AKX




IR MRS
SRR AN

4

¥ u
A A Ay

DRI

v e
L |

[0L] ueuwtoedg mmhom\ou u sseJqg Y3 I Sursweaou] L3ysueq JOBID °€ sandtg

009

oov

(edwW) ssens

00¢

|

Aid leweyul o

80lid leuieix3y e

**106/0]

.......

......

(ww /s)oesd) A}isuaq Noes)

23

VI R )




e
......................
..............

Eate Al a0 e e ek el o8

[0L] uemioeds SC[0/06] UT ssea3s Y3TM Suyswedou] L3ysueq }oBIY 'Y oandiyg

(edW) ssens

T

(0,0 4 00¢ (4]

r-rA;‘r.‘

24

™
(ww / s)oe1d) A31suaqg yoesd

80lid lewseju] o
80]|d |eu1o}x3 o 4

**[0/08]

e A - 4.‘_. T .'_..‘_ .
LIPS I IR T T A YA

Y




ARSIV S 10 Au e 20 hline . e it

M B Bt A A e

N

SN

A

-

L - i

ST e e T T

roa

LT AL A N

gqUSAY eAf}BINEN) *G eandT4

(edi) ssons

0004 008 009 ooV 00¢

|

0S°0LL | 8-V I NOID3Y

7o) /  NOLLVHNLVS ar'ri ri'vz 11 NOID3Y
\ £8'99 18°c9 I NOID3Y
\ 52[0/06] [*%[0e/0]
/
\ (038/A3) 34VH NOISSINI 3DVHIAY
/
/ m —f— 1 —f—
/
\ 13
J 83AUND -0 NI [0/08] o
\ ANIOd-33NX 1V 13A31 883ULS X au—g\O_ o

oL

Si

(014

S¢

cOLX SjuUdAz |ejo)

25




L S

T

e St Atk it Mt i R o Nl *)

B At e ok Sa s aine aag

Pl e i dn-akd & A

s . . K 2
k3 PRt AdPiatasties | ;. M e + oty N T,

(T®AJEqUT PUODBE-(|
® JOAO genTBA UBSl) SEeJ}S JO uojjoung v ee epnjrduy }weqd UBSH °9 aand 1y

(edN) ssenlS

,.l!l'l.. .‘k\ ;‘.‘l. - r.llhlhknh '-.- J -.I-l-.-.-.,.wf ' k... .v..-... P‘A- LA _n,.—n..-),v P A s ) n--l-|u‘~. .\-- ~v -- -- u~\h‘."-_. -...- --..a-,..‘-..lJ '-l-.l'lu r

0001 008 009 (0104 00¢ 0

_ | _ _

m 0 Io_.l |

ov

09

(gp) apniljldwy jead ueaiy

26



e Ve ‘A e R he 5

'

TR

-

ERa ki et tag

A

PRI v e~ Ty

T

e Ve

T

PAACA I SR

i

L bk atd

>

A .v--

0y

oeen

r

PO RS AN, Kot b R ..... RPN REAPREREREAAREY SO A ‘. Sl \- RO Oy ....\..-. LA AR MMM AL <
AHﬁ>h®Qﬂ.ﬂ puodes-Q|
B JOAO senTeA GGOZV £86J1CQ JO UOT}OoUNg B 8% UOT]BJINJ JUOAY UBOKH °/ Ooﬂﬂm.ﬂ_&
(ediN) ssens
0001 008 0
[ oc¢
() () O
()
U
U
e
@
3
) o o
Hov 2
o
~
m. o~
P o
q [ =
-
)
o
o
=)
: oo §
> ®
0
4 -
114 °
o
au_.. /06] m —f— n | -
[06/0]®




. .
A L -,

epnjiTduy Y64 Jo suolynqiageilg Lyyjsusq pus eAyqBTnNUN) °g oIndtry

(8p) epnyjidwy yead
.,_ 09 oS ov
; dz0
4 o
- ] 3
3 I £
3 O SO0~ “__ =
: : - qro § .
1 < | o
3 | :
o | -
-3 . __ o |
N.A (4] 8 Oﬁl i 3
=2 | P
[ ;
| oz -180
J [0/06) 0 o b
**|06/0] ® = !
— ot .
SL0L=

'
e
c - ———a e ke i il B B g——— PP I W ST e e ——— ) _




..;(\.f.h.. - —U\ unh-'.»n.-o.f- |

| P ] ] y Y IRINGNOIN DM - . A ' PR RANA PR N = u...........h..,-
-n.u\.-\?\f. AV P I e DY e LR PR PRI AN RIS e AL PR RN

uoTqBINg qUOAY JO UOTINQTJIISTJ ©AT}sInUNg 6 eandyg

(oes7l) uopyeang jJueaz

(02 3 00} 0S o

| I 1

T A

0S0

SL0

00’}

uonnqlasiqg eanepwnd

29




E Atk Sl

P AACAS SR Mt S Sl it il S 4

AR g s g e & s g o

A e o

LN S g g

L abcatnh o
SN

—-—

o

~.

. <TN

T

r

i S S L e

UNT TN

IR AT
E

il

iy

[0L] £3718ueq }o®I) UBS UO OF3®Y epnyfrdmy jJo eouepuedeq °Ql ©In3T4

(ww/syoe10) Ajjsueq }oeiD ueop

4




’ P DA
b
.-..‘..ﬁ-u

Ty 3

2
ate AT a

RSSO

. .
-------

[0L] £37suUeg }OoBI) uwel UO OF3BY ABIieuy jo eouepuedeq °*|| eandig

(ww /839819) A}jsueq yoel) ueow

T A

E|
31

SL0




MRS R 2 gn g

o A el bl i aPavaVa A o 2w 2o - - - -

£3]sueQ YOBI) UBSK UO OF}BY 10308 6ABM s8ed}S Jo eduepuedeq *Z| OINITY

(ww /830e19) A}jsusq 3oei) ueo

I I I o
*[0/06] 0
“los/0l® —|STO
s o
- os0 M
(/]
o 3
o
dsz0
Q
o
00°L




mNHom\ou U 880J]G8 ENBJIOA SOT}BY Aoahav\h
‘(°1/1) uotywang queag

g3uno) umopSuty

cmsmooaw

avoosﬂe 6Ty pPu®B ("N/N)
“("A/A) epnayrduy  Yweqd ¢l eandiyg

(edw) ssens
009 oov 00¢
| I |
sasrseel ="
238 092s =%
\nf/ 80 00°'ve =%
.\\ ././. oe'st =N

(©) °aL/3L “(0)°N/N ‘®) °L/1 “(®) °A/A

33




]

PN RAAS

:oewoomw
Ul §8eJ}S SNSJOA E0F38Y Aoﬁpav\pavomaﬂa esTY puv (°N/N)
(°1/1) uotreang jueag ‘(°p/p) epnyyrdumy ¥sed YL oandT4

(edW) ssenlS

S210/06]
gqpunoy umopduty

00¢ . o

| | 0

}/ oasv 2i-gL =%
M/// w oasn ey ="1
/NN././ A ga so'ts =

,n, AN / \ 98 vy =ON

© °2L/31 “©©) °N/N ‘®) °L/ 1 ‘(®) °A/A

,m. %%[0/06)

—16S’}

~o W W _F_

PR RN h

et Al e .. . R T
SRRy e et RN TRIG Tttt

HPR I R .\ h!---.-i-~o

34

>

.\'_\',\' SN

R

TR R
e

.

et



*od ot Sal

(TeAJeqUT puooes-| ® JIOAO S6eNTevA usel) uemyoedg wwﬂo\omu
U] 8€6J7G BNEJOA UOTBIN JUsAy 03 epniyrduy Ywed JO OT3BH °*G| eandiy

(edin) ssons
0001 008 009 ooy 00¢ 0
_ I I _ _ o
*
** *
*  x * * *
¥ * *
* ¥ .ﬂ.* **ﬂf..ﬁ.* * **** *.w. % * *w&#* c
o ox X x X x X * e -0
**.,f .M.**** % *.ﬂ* **.f% x Wk #.....* Axv“*
LR T o N 0
* 3 Yoy * ¢ * X% x ¢gy:¢¢tme¢¢ +mw*
x ¥ » TE L R
* * * .ﬁ. * %* f
¥ * *
* % *  ox %
% * * * *H001
Ky *
% *
*
**[0/06]
*
(011§

(2es7l/ Aw) uoljeing ueenw /opnjduy yeed uesy

35




R gt

v ‘a

(TBAIeqUT pPUODES-| ® JeAo senTsA uwel) uemtoeds SC[06/0]
U] S866J}G SNSJOA UOTBANG queAy o3 epnyirdamy Yeed JO o138y °9| eandtg

(edw) ssens ;
0001 008 009 ooV 002 0 ‘M_.HU
T I _ I T 0

ﬁ%&* ﬂ***** " M wm% —{os
¥

36
:

— 001

*[06/0]

(o087l Aw) uoljeinq ueep /9pniijdwy jead uesy

oSi




g
3

uoyysdwvdoaq easM JOo uoyyoeJyq y3 A epnytrduy Yweq JO UOTIBTIBA °/| ean3Ty

(Bep) uopee O JeqLy Joker feuseixd

06 G°L9

] 4

§¢ce

(=

I |

|

W 66 o
ww o/ o
Www Gy e

— 0001

—1 0002

—{ oooe

......

Coe

.......

s ey

(Aw) epnyidury yeed

37

ek

e

i ol

i e o

i ‘\ 'l. 'l

S

o ';;.n'

..
A

I AP

A R

- "




Butoedg geonpsusay yj3im epnyyrduy ¥weg Jo UOT3uTJIBp °g| eandTy

(ww) Bupeds JeAleoey-1e)nug

6 oL St
I 0

Bt

(Aw) epnyjidury seed
38




Pt At AP San e e S Gar it el et A St il R ah e o fet el i o SR AN

.............................................
. vt S “ . Ce RO LT o LSRR S A

uoy8dedoag easM JO UOTIO6JIIJ ©Y3 UO UOTYBNUSIY
quegsddy Jo queioijjeon pue epnjilduy edusasjey jo eouspuedaq *6l oanITy

(6ep) uojiejus|iQ 10q|4 19Ae] jeussixy

06 G529 Sy §°ce o

| _ 1 |

—

(ww /du) Jud1d1}}90D Uolienually

v e
A Al

000S

00001

.

(AW) apnlijdwy aduaidjay

RN

.".‘.“ '.«'-~"~'—"".~'- -
aiadedodododbdadsBakieded

o

(VAR LR

- e '-._~.. '.‘ . -- . ‘..
: USSR P TWER N S (W

w N T --'_ PR
N AT OIPR I T W B

N

S o

.y







